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Abstract
We demonstrate a general and robust method to confine on a plane strongly diffus-
ing submicrometer particles in water by using size tunable magnetic channels. These
virtual conduits are realized with pairs of movable Bloch walls (BWs) located within an
epitaxially grown ferrite garnet film. We show that, once inside the magnetic conduit,
the particles experience an effective local parabolic potential in the transverse direc-
tion, while freely diffusing along the conduit. The stiffness of the magnetic potential
is determined as a function of field amplitude which varies the width of the magnetic
1
ar
X
iv
:1
90
8.
05
03
9v
1 
 [c
on
d-
ma
t.s
of
t] 
 14
 A
ug
 20
19
channel, and precise control of the degree of confinement is demonstrated by tuning the
applied field. The magnetic conduit is then used to realize single files of non-passing
particles and to induce periodic condensation of an ensemble of particles into parallel
stripes in a completely controllable and reversible manner.
Keywords
Diffusion, Magnetic thin films, Domain Walls, nanofluidics
The ability to confine nanoscale particles in a fluid medium is of critical importance in a
number of fields related to microfluidics,1 optics2 and biophysics.3 Optical tweezers based on
focusing an intense laser beam to a diffraction limited spot, demonstrated in the past trap-
ping,4 rotation,5 and transport6 of microscopic particles in water. Confinement of multiple
microspheres in two and three dimensions has also been obtained with more sophisticated
techniques such as fast scanning beams7 and holographic optical tweezers.8 However, re-
ducing the size of the colloidal particles to the nanoscale makes stable trapping via optical
means difficult, due to both the increase of thermal fluctuations,9 and the need for large and
localized optical force gradients.10 While individual gold11,12 and silver13 nanoparticles have
been immobilized, confinement of the particles over an extended area, much larger than a
single trapping spot, remains elusive.
Recent experiments using nanostructured slits made by electron-beam lithography, propose a
different, non optical, approach to levitate and confine single nanoparticles along predefined
tracks.14 These topographic reliefs induce a spatial modulation of the electrostatic potential,
which attracts charged nanoparticles located at a close distance. However, the dynamics
of colloidal particles moving near lithographic structures can be affected by the presence of
the hard-walls due to hydrodynamic15 or steric16 interactions, and be rather sensitive to the
ionic concentration of the dispersing medium.
Magnetic manipulation of polarizable particles is an alternative approach to control colloidal
matter not relying on the particle surface charge or the dielectric constant, but rather on its
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magnetic content. Magnetic nanoparticles can find applications in disparate fields, from spin-
tronics,17 to biomedical research,18 hyperthermia,19 or as active propellers.20 While several
approaches demonstrated forms of controlled trapping of microscale colloids above magnetic
tracks,21–26 to our knowledge, only Ommering and coworkers27 were able to confine a single
magnetic nanoparticle on a microfluidic chip.
Here we demonstrate a different approach which allows to obtain stable confinement in a
fluidic environment of magnetic particles on a plane. Our technique is based on the use
of remotely controllable domain walls in a ferromagnetic structured substrate, namely a
uniaxial ferrite garnet film (FGF). The research on domain wall dynamics in magnetic sys-
tems has recently drawn much interest because of new applications in spintronics,28 logic
devices,29,30 nanowires31,32 and ultracold atoms.33 Our magnetic conduit makes use of Bloch
walls (BWs), i.e. transition regions where the magnetization rotates by 180 degrees through
the wall separating opposite magnetized domains. The BWs in the used FGF can be dis-
placed by applying relatively small external field, and they generate strong local stray fields
capable to trap and confine magnetic microspheres.34 In this work we show that these highly
functional features can be extended to nanoscale system, by tailoring the magnetic attraction
of the film. In particular, we create a magnetic conduit for submicrometer particle motion
using parallel planar BWs which provide locally a tuneable parabolic-like potential. These
conduits are shown to be able to regulate the diffusive motion of an ensemble of particles,
realizing e.g., single-file conduits for particle motion, where mutual passage is excluded. By
applying an oscillating magnetic field, we vary the energy landscape and demonstrate peri-
odic particle assembly and condensation into parallel bands.
The magnetic conduits are realized on the free surface of a FGF of composition Y2.5Bi0.5Fe5−qGaqO12
(q = 0.5 − 1), thickness ∼ 4µm and having a saturation magnetization (the FGF) of
Ms = 2.7 kA/m. The FGF is grown by dipping liquid phase epitaxy on a 〈111〉 oriented
single crystal gadolinium gallium garnet (Gd3Ga5O12) substrate.
35 Fig.1(a) shows a typical
transparent FGF sample used during the experiments. Due to the polar Faraday effect, the
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magnetic domains in the FGF can be visualized via polarized light microscopy. As shown
in Fig.1(b), under zero applied field the FGF is characterized by up- and down-magnetized
domains which appear as stripes of black and white colors, repeating with a spatial period-
icity λ = 6.8µm. The BWs on the other hand, given their small width (∼ 20nm), cannot
be resolved by optical microscopy. The size of the magnetized domains can be easily ma-
nipulated via an external field. A magnetic field perpendicular to the film Hz, increases the
width of the domains with magnetization parallel to the field (λ+) and decreases the width
of the antiparallel ones (λ−). As shown in Fig.1(c), for Hz < 3 kA/m both, λ+ and λ− vary
linearly with Hz, and the total width λ = λ++λ−, remains essentially constant. In contrast,
for higher field λ+ and λ diverge, showing large and irreversible deformations of the pattern.
Beyond a critical value, the film becomes one single magnetized domain.36
We use three types of superparamagnetic polystyrene particles with diameters dp = 540nm,
360nm and 270nm, COOH surface groups and ∼ 40% wt. iron oxide content (Microparticles
GmbH). Each type of particle is diluted in high deionized water and deposited above the
FGF, where they sediment due to the magnetic attraction of the BWs. Once at the surface of
the FGF, and in absence of any coating of the film, the strong attraction of the BWs rapidly
immobilize the submicrometer particles, which show weak thermal fluctuations, see MovieS1
in the Supporting Information. In order to decrease the strong magnetic attraction, we coat
the FGF film with a h = 1.2µm thick layer of a photoresist (AZ-1512 Microchem, Newton,
MA), i.e. a light curable polymer matrix, using spin coating at 3000 rpm for 30s (Spinner
Ws-650Sz, Laurell) and 5s of UV photo-crosslink (Mask Aligner MJB4, SUSS Microtec).
Since the stray field of the FGF decreases exponentially from the surface, after coating the
FGF with the polymer layer, the submicrometer particles display a stronger diffusive dynam-
ics, but still remain two dimensionally (2d) confined above the FGF with negligible out of
plane motion. Increasing the particle elevation from the film not only reduces the attractive
force toward the substrate, but also modifies the shape of the potential, as schematically il-
lustrated in Fig.1(d). Under a perpendicular field Hz, the magnetic potential at an elevation
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z1 = dp/2 has minima located at the BWs and maxima between them. In contrast, at an
elevation z2 = dp/2 +h, the potential minima (maxima) are now located at the center of the
large (small) domains, and feature a local parabolic-like shape.
We can quantify the magnetostatic potential of the FGF, by calculating the energy of inter-
action Um of one paramagnetic particle with the magnetic potential at a given elevation z.
When subjected to a total magnetic field Htot, a paramagnetic nanoparticle acquires a dipole
moment m = V χHtot, pointing along the field direction. Here V = pid
3
p/6 is the particle vol-
ume, χ ∼ 2 the effective volume susceptibility27 and Htot = Ha+Hs the sum of the applied
field Ha and the stray field Hs of the FGF.
37 The interaction energy of the induced moment
is thus given by, Um = −12µwm ·Htot where µw ∼ µ0 = 4pi ·10−7H/m is the magnetic perme-
ability of the medium (water). Figs.2(a,c) show the normalized energy landscape Um/kBT
numerically evaluated for a 360nm particle (elevation z = h + dp/2 = 0.20λ) in absence of
an external field, Fig.2(a), and for an applied field of amplitude Hz = 620 A/m, Fig.2(c).
Here kB is the Boltzmann constant and T = 293.15K the experimental temperature. In ab-
sence of the applied field, the FGF surface displays a sinusoidal-like potential at the particle
elevation, blue curve in Fig.2(a), with several small wells which can be easily crossed by the
fluctuating particle. Effectively, the corresponding particle trajectory in Fig.2(b) shows the
submicrometer particle performing simple Brownian diffusion and passing the BWs without
any perturbation of its random motion. In contrast, a static field Hz = 620 A/m is able
to confine the particle motion on a narrow region between two BWs, i.e. along one ferro-
magnetic domain, Fig.1(d). Particles located above the domain of opposite magnetization,
are repelled from there since, the energy landscape features a local maximum, blue curve in
Fig.1(c).
In order to characterize the diffusive properties along the magnetic conduit, we measure the
mean squared displacement (MSD) of the colloidal particles, 〈∆y2〉 = 〈[y(t) − y(0)]2〉 ∼ tα,
being y the direction perpendicular to the magnetic conduit. Here 〈...〉 denotes an average
over ∼ 50 independent trajectories, and α is the exponent of the power law which is used to
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distinguish between normal diffusive (α = 1) dynamics from the anomalous ones (α 6= 1).
In the first case, when 〈∆y2〉 ∼ t, one can extract the effective diffusion coefficient from
the slope of the MSD as Dy = limt→∞ 〈∆y2〉/2t. Fig.3(a) shows several MSDs for a 360nm
particle in a magnetic conduit at different values of the applied field Hz. For Hz = 0, the
motion is isotropic and the colloidal particles show the same diffusion coefficient in the 2d
plane, Dx = Dy = 0.78µm
2/s for the 360nm particle.
We characterize the zero field dynamics for all three types of paramagnetic colloids, and
provide in Table 1 the comparison between the effective diffusion coefficients measured on
top of a non-magnetic glass substrate and on top of the FGF. The first ones (column 2,
Table 1) are closer to the theoretical predictions obtained from the Stokes-Einstein rela-
tionship given by Dx = kBT/ζ. Here ζ = 3piηfdp is the friction coefficient of a particle
immersed in water (η = 10−3Pa · s), and f a correction factor which takes into account the
proximity of the wall.38 For the glass substrate (column 3, Table 1) we take f = 1 since
the particles easily detach from the plane in absence of any magnetic attraction. In contrast
the FGF attracts the magnetic particles reducing their effective Brownian diffusion. Here
the particles will experience higher friction since f > 1, and from the expression of f ,? we
can estimate an average elevation of 80nm of the nanoparticle surface from polymer film
coating the FGF. The particle levitation above the FGF results from the balance between
the magnetic attraction and the repulsion arising from electrostatic and steric interactions
with the polymer film coating the FGF.
When applying the field, the particle motion is confined within the magnetic conduit,
and the MSD rapidly saturates to a plateau which indicates the average maximum space the
particle can explore. Assuming that the complex trapping potential can be approximated
locally by a parabolic one of type Um(y) ∼ 12key2, being ke the elastic constant, one can derive
the corresponding MSD from the overdamped Langevin equation.39 For a single magnetic
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particle in this potential one has two independent equations of motion,
ζ
dx
dt
= fx(t) (1)
ζ
dy
dt
= −key + fy(t) , (2)
where fi are the random forces (i = (x, y)) with properties, 〈fi(t)〉 = 0 and 〈fi(t)fi(t′)〉 =
2ζkBTδ(t− t′). Solving these equations give, respectively
〈∆x2〉 = 2kBT
ζ
t = 2Dt (3)
〈∆y2〉 = kBT
ke
[1− exp (−2ket/ζ)] . (4)
We use Eq.(4) to fit all curves showed in Fig.3(a), by keeping constant ζ = 5.2·10−3pN ·s/µm,
and varying ke as a fitting parameter. The results are presented in Fig.3(b), which shows
a linear relationship between ke and the width of the magnetic conduit λ+. As shown in
the small inset in Fig.3(b), λ+ which correspond to the sizes of the majority domains, varies
linearly with the applied field Hz. In order to resolve directly the parabolic shape of the
potential, we also analyze the distribution of displacements when individual particles are
trapped in the magnetic conduit. Fig.3(c) shows as a typical example the case for an applied
field Hz = 620A/m. The normalized potential was obtained by assuming that the probability
density p(y), inset Fig.3(c), follows the Boltzmann distribution, p(y) = p(0) exp (−Um/kBT ).
Inverting this equation gives the potential (Um(y) − Um(0))/kBT = log [p(0)/p(y)], which
is presented in Fig.3(c). Fitting this curve gives the value of ke = 0.044pN/µm, which is
very close to the value obtained in the independent fit in Fig.3(b), ke = 0.042pN/µm for
Hz = 620A/m. This result also enforces the hypothesis that that the complex magnetic
potential can be approximated locally by a parabolic one.
We next explore the effect of increasing the particle concentration inside the magnetic con-
duit, for particle densities ρ < 0.6µm−1, where ρ = N/L is the linear density and L the length
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of the channel. We find that increasing the potential stiffness via the applied magnetic field,
reduces the particle motion from 2d, where the submicrometer particles can pass each other,
to strictly one dimension (1d), Fig.4(a). In the first case, two approaching particles can
eventually exchange position, and this process occur by sliding laterally along the channel
width rather than overriding one below the other. In the second case, the particles form a
”single file” system, i.e. they assemble into a 1d chain of diffusing submicrometer particles
unable to pass each other. Single file diffusion is a phenomenon observed in a broad class
of system, from zeolites,40 to ion channels,41 dipeptide,42,43 and carbon nanotubes.44 While
the statistical properties of a single file of particles are well understood and experimentally
demonstrated,45,46 the transition from single-file to 2d diffusion has been much less acces-
sible,47 and was only recently realized with microscopic particles.48 Here we monitor this
transition by measuring the particle distribution P (y) along the channel width, Fig.4(b). In
agreement with previous numerical results,47 we observe that as the confinement decreases,
the distribution become broader, and its variance increases. Also, given the parabolic 1d
confinement of the FGF, the distribution of particles P (y) remain symmetric along the cen-
ter of the magnetic conduit (y = 0). However, in contrast to the numerical results reported
previously,47 beyond the crossover point from 2d to 1d, when the particles start to pass each
other, we did not observe a bimodal distribution of the particle displacement. The particles
did not form a two-chain structure which would cause two small peaks in the P (y), as ob-
served in simulation for an idealized system of repulsive microscopic colloids. This difference
may arise from the fact that the inter-particle interactions are not strong but rather the
system behaves as a confined hard sphere gas with a short repulsive potential resulting from
steric interactions. We also shown that the particle distribution P (x) along the channel,
inset of Fig.4(b), behave as a Gaussian (continuous line), as predicted theoretically in the
past.49,50 By analyzing the particle distribution in Fig.4(b) we find that the crossover from
2d to 1d occurs for field amplitude Hz = 870A/m which corresponds to a standard deviation
σx = 0.53µm for the 360nm particles. Smaller particles 270nm require much stronger field
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to be confined into a 1d line, Hz > 1240A/m, while larger ones (540nm) are already unable
to pass each other for field Hz > 530A/m, inset Fig.4(c). This behaviour is a direct con-
sequence of the linear dependence of the potential stiffness with the applied field, Fig.2(b),
since smaller particles have larger thermal fluctuations and thus require an higher field to
be confined into a 1d line. Moreover, the data in Fig.4(c) can be well fitted with an expo-
nential curve, Hz = H
0
z exp (−dp/β) which allow us to estimate as dp = 75nm the minimum
particle size which would be possible to trap in a 1D single file for a maximum applied field
of Hz = 3kA/m, beyond which the magnetic conduit start deforming.
For high concentration of particles, excluded volume effects become important and cause clog-
ging inside the magnetic conduit, which causes freezing of the colloidal structure strongly
reducing the particles diffusive motion. In Fig.5 we report the condensation of a large
collection of 270nm sized particles on up- or down-magnetized domain depending on the di-
rection of the applied field. Upon application of an oscillating field at an angular frequency
ω = 2pirad/s and an amplitude H0z = 1370A/m, Hz = H
0
z sin (ωt), the particles can be
periodically translated from one domain to the next, since the magnetic energy landscape
is inverted during each field period, changing maxima to minima and viceversa. As shown
in VideoS4 in the Supporting Information, the particles perform a periodic motion between
the magnetic domains, which is essentially synchronous with the driving field. Once inside
a minima, the particles do not show any net motion and their dynamics is frozen within the
cages created by the nearest particles. Thus stopping the field at a certain value allows to
solidify the pattern in its current state, without loosing particles in the nearest domains.
Since the BW response to the applied field can be considered instantaneous if compared to
the particle self-diffusion time, this capability to condense particles pattern suggests new
route of printing magnetic ink containing nanoparticles,51 or can be used for novel magneto-
optical52 or biosensing applications.53
In summary, we report a simple and robust method to confine strongly fluctuating magnetic
submicrometer particles on a plane and tuning their diffusive motion from 1d to 2d. The
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transition between these dimensions can be easily induced via application of a relatively
small external field. Although our study is limited to particles which can be resolve by op-
tical microscopy, separate model calculations (not presented here) suggest that also smaller
particles can be equally confined in the magnetic conduits when adjusting their height above
the FGF surface. Since the complex magnetic potential generated by pairs of BWs can be
well approximated by an idealized parabolic well, the present pilot system could serve as
a testbed for fundamental studies of transport and diffusion at the nanoscale. Finally, the
implementation of different FGF film with in plane magnetization would in principle allow
manipulation of a single particle within an ensemble using magnetic domain wall tips.54
Table 1: Effective translational diffusion coefficients at Hz = 0 above a glass plate (Dg), and
above the FGF (DFGF ). The theoretical values are calculated for f = 1 (D
th
g ) and for a
particle elevation of 80nm (DthFGF ).
Particle size (nm) Dg(µm
2/s) Dthg (µm
2/s) DFGF (µm
2/s) DthFGF (µm
2/s)
270 1.58± 0.05 1.61 1.04± 0.05 1.03
360 1.18± 0.03 1.20 0.78± 0.03 0.72
540 0.81± 0.02 0.80 0.52± 0.03 0.44
Acknowledgement
We acknowledge stimulating discussions with Arthur Straube. P. T. acknowledges sup-
port from the ERC Starting Grant “DynaMO” (no. 335040), from the MINECO (Program
No.RYC-2011-07605 and FIS2013-41144-P) and DURSI (2014SGR878). J. M. S. acknowl-
edges support from Mineco (FIS2015-66503-C3-3P)
Supporting Information Available
The following files are available free of charge. Four experimental videos (.WMF) showing
the dynamics of magnetic colloidal particles above the FGF film.
10
References
(1) Valencia, P. M.; Farokhzad, O. C.; Karnik, R.; Langer, R. Nat. Nanotechnol. 2012, 7,
623–629.
(2) Grier, D. G. Nature 2003, 424, 810–816.
(3) Collin, D.; Ritort, F.; Jarzynski, C.; Smith, S. B.; Jr, I. T.; Bustamante, C. Nature
2005, 437, 231–234.
(4) Ashkin, A. Phys. Rev. Lett. 1970, 24, 156–159.
(5) Cheng, Z.; Chaikin, P. M.; Mason, T. G. Phys. Rev. Lett. 2002, 89, 108303.
(6) Faucheux, L. P.; Bourdieu, L. S.; Kaplan, P. D.; Libchaber, A. J. Phys. Rev. Lett. 1995,
74, 1504.
(7) Hoogenboom, J. P.; Vossen, D. L. J.; Faivre-Moskalenko, C.; Dogterom, M.; van
Blaaderen, A. Appl. Phys. Lett. 2002, 80, 4828–4830.
(8) Padgett, M.; Leonardo, R. D. Lab Chip 2011, 11, 1196–1205.
(9) Marago`, O. M.; Jones, P. H.; Gucciardi, P. G.; Volpe, G.; Ferrari, A. C. Nat. Nanotech-
nol. 2013, 8, 807819.
(10) Lehmuskero, A.; Johansson, P.; Rubinsztein-Dunlop, H.; Tong, L.; Kall, M. ACS Nano
2015, 9, 3453–3469.
(11) Svoboda, K.; Block, S. M. Opt. Lett. 1994, 19, 930–932.
(12) Hansen, P. M.; Bhatia, V. K.; Harrit, N.; Oddershede, L. Nano Lett. 2005, 5, 19371942.
(13) Bosanac, L.; Aabo, T.; Bendix, P. M.; Oddershede, L. B. Nano Lett. 2008, 8, 14861491.
(14) Krishnan, M.; Mojarad, N.; Kukura, P.; Sandoghdar, V. Nature 2010, 467, 692–695.
11
(15) Cui, B.; Diamant, H.; Lin, B.; Rice, S. A. Phys. Rev. Lett. 2004, 92, 258301.
(16) Bevan, M. A.; Prieve, D. C. Langmuir 2000, 16, 92749281.
(17) Das, B.; Balasubramanian, B.; Manchanda, P.; Mukherjee, P.; Skomski, R.; Hadji-
panayis, G. C.; Sellmyer, D. J. Nano Lett. 2016, 16, 1132–1137.
(18) Akbarzadeh, A.; Samiei, M.; Davaran, S. Nanoscale Res. Lett. 2012, 7, 144.
(19) Banobre-Lopez, M.; Teijeiro, A.; Rivas, J. Rep. Prac. Oncol. Radiother. 2013, 18,
397–400.
(20) Maier, A. M.; Weig, C.; Oswald, P.; Frey, E.; Fischer, P.; Liedl, T. Nano Lett. 2016,
16, 11321137.
(21) Yellen, B.; Hovorka, O.; Friedman, G. Proc. Natl. Acad. Sci. U.S.A. 2005, 102,
88608864.
(22) Gunnarsson, K.; Roy, P. E.; Felton, S.; Pihl, J.; Svedlindh, P.; Berner, S.; Lidbaum, H.;
Oscarsson, S. Adv. Mater. 2005, 17, 17301734.
(23) Donolato, M.; Gobbi, M.; Vavassori, P.; Deryabina, M.; Hansen, M. F.; Metlushko, V.;
Ilic, B.; Cantoni, M.; Petti, D.; Brivio, S.; Bertacco, R. Adv. Mater. 2010, 22, 27062710.
(24) Ehresmann, A.; Lengemann, D.; Weis, T.; Albrecht, A.; Langfahl-Klabes, J.; Goll-
ner, F.; Engel, D. Adv. Mater. 2011, 23, 55685573.
(25) Rapoport, E.; Montana, D.; Beach, G. S. Lab Chip 2012, 12, 4433–4440.
(26) Demiro¨rs, A. F.; Pillai, P. P.; Kowalczyk, B.; Grzybowski, B. A. Nature 2013, 503,
99103.
(27) van Ommering, K.; Nieuwenhuis, J. H.; van IJzendoorn, L. J.; Koopmans, B.; Prins, M.
W. J. Appl. Phys. Lett. 2006, 89, 142511.
12
(28) Torres, W. S.; Laczkowski, P.; Nguyen, V. D.; Sanchez, J. C. R.; Vila, L.; Marty, A.;
Jamet, M.; Attane´, J. P. Nano Lett. 2014, 14, 4016–4022.
(29) Franken, J. H.; Swagten, H. J. M.; Koopmans, B. Nature Nanotech. 2012, 7, 499–503.
(30) Phung, T.; Pushp, A.; Thomas, L.; Rettner, C.; Yang, S.-H.; Ryu, K.-S.; Baglin, J.;
Hughes, B.; Parkin, S. Nano Lett. 2015, 15, 835–841.
(31) Gu, Q.; Falk, A.; Wu, J.; Ouyang, L.; Park, H. Nano Lett. 2007, 7, 363–366.
(32) Jiang, X.; Thomas, L.; Moriya, R.; Parkin, S. S. P. Nano Lett. 2011, 11, 96–100.
(33) West, A. D.; Weatherill, K. J.; Hayward, T. J.; Fry, P. W.; Schrefl, T.; Gibbs, M. R. J.;
Adams, C. S.; Allwood, D. A.; Hughes, I. G. Nano Lett. 2012, 12, 4065–4069.
(34) Helseth, L.; Fischer, T. M.; Johansen, T. H. Phys. Rev. E 2003, 67, 042401.
(35) Tierno, P.; Sagues, F.; Johansen, T. H.; Fischer, T. M. Phys. Chem. Chem. Phys. 2009,
11, 9615–9625.
(36) Johansen, T. H.; Pan, A. V.; Galperin, Y. M. Phys. Rev. B 2013, 87, 060402.
(37) Straube, A. V.; Tierno, P. Europhys. Lett. 2013, 103, 28001.
(38) Happel, J.; Brenner, H. Low Reynolds Number Hydrodynamics ; Noordhoff International
Publishing: Leyden, The Netherlands, 1973.
(39) Wang, M. C.; Uhlenbeck, G. E. Rev. Mod. Phys. 1945, 17, 323–342.
(40) Ka¨rger, J., Ruthven, D., Eds. Diffusion in zeolites and other microporous solids ; Wiley:
New York, 1992.
(41) Hodgkin, A. L.; Keynes, R. D. J. Physiol. 1955, 128, 28–60.
(42) Dvoyashkin, M.; Bhase, H.; Mirnazari, N.; Vasenkov, S.; Bowers, C. R. Anal. Chem.
2014, 86, 2200–2204.
13
(43) Dutta, A. R.; Sekar, P.; Dvoyashkin, M.; Bowers, C. R.; Ziegler, K. J.; Vasenkov, S.
Chem. Commun. 2015, 51, 13346–13349.
(44) Das, A.; Jayanthi, S.; Deepak, H. S. M. V.; Ramanathan, K. V.; Kumar, A.; Das-
gupta, C.; Sood, A. K. ACS Nano 2010, 4, 1687.
(45) Wei, Q.-H.; Bechinger, C.; Leiderer, P. Science 2000, 287, 625–627.
(46) Lutz, C.; Kollmann, M.; Bechinger, C. Phys. Rev. Lett. 2004, 93, 026001.
(47) Lucena, D.; Tkachenko, D. V.; Nelissen, K.; Misko, V. R.; Ferreira, W. P.; Farias, G. A.;
Peeters, F. M. Phys. Rev. E 2012, 85, 031147.
(48) Siems, U.; Kreuter, C.; Erbe, A.; Schwierz, N.; Sengupta, S.; Leiderer, P.; Nielaba, P.
Sci. Rep. 2012, 2, 1015.
(49) Ka¨rger, J. Phys. Rev. A 1992, 45, 4173–4174.
(50) Ka¨rger, J. Phys. Rev. E 1993, 47, 1427–1428.
(51) Helseth, L. E. Appl. Phys. Lett. 2007, 90, 093501.
(52) Johansen, S. D., Tom H., Ed. Magneto-Optical Imaging ; Springer: Netherlands, 2004.
(53) Klein, T.; Dorroh, D.; Li, Y.; Wang, J. P. J. Appl. Phys. 2011, 109, 07D506.
(54) Helseth, L. E.; Fischer, T. M.; Johansen, T. H. Phys. Rev. Lett. 2003, 91, 208302.
14
Figure 1: (a) Image of a ferrite garnet film (FGF) on a gadolinium gallium garnet substrate,
scale bar is 1cm. (b) Polarization microscope image showing a 57 × 47µm2 section of a
magnetic stripe pattern in a FGF film, scale bar is λ = 6.8µm. (c) Domain width versus
amplitude of the magnetic field applied perpendicular to the film, Hz. The applied field
increases (decreases) the width of the domain with parallel (antiparallel) magnetization,
λ+ (λ−, respectively), being λ = λ+ + λ−. Hc = 13900 A/m denotes the critical field
at which all the antiparallel (grey) domains disappear. Shaded green area indicates the
region where the measurements are taken. (d) Schematic of a FGF film with one magnetic
particle and subjected to the perpendicular field Hz. Red arrows within the FGF denote the
magnetization direction, dashed and continuous blue lines refer to the magnetic potential
Um for a submicrometer particle at the FGF surface, elevation z1, and above the photoresist
layer at elevation z2 = z1 + h, with h = 1.2µm.
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Figure 2: (a,c) Color coded energy landscape Um/kBT of one submicrometer particle in
absence of field, Hz = 0 (a), and under an applied field Hz = 620A/m (c). Continuous
blue lines indicate the corresponding scaled potential Um − 〈Um〉 plotted at the particle
elevation, z = 0.20λ. (b,d) Corresponding microscope snapshots of one 360nm particle with
superimposed the trajectory (green line) for Hz = 0 (b), and Hz = 620A/m (d). Scale bar is
5µm, dashed lines denote the location of the BWs. See also corresponding MovieS2 in the
Supporting Information.
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Figure 3: (a) Log-log plot of the mean square displacement (MSDy) for different applied
magnetic fields. Continuous lines are fit to the data using Eq.(4) in the main text. In
absence of field (black squares) the particle displays normal diffusion with slope α = 1.
(b) Spring constant ke measured at different width λ+ of the magnetic channel for a 360nm
particle. Continuous red line denotes linear fit to the data. Inset shows the linear relationship
between λ+ and the applied field Hz for the range of field amplitude used. (c) Normalized
magnetic potential of a 360nm particle measured from the particle fluctuations. The red line
represents a parabolic fit to the data using a stiffness ke = 0.044pN/µm for an applied field
Hz = 620A/m. Small inset at the top shows the normalized position distribution, fitted to
a Gaussian function (green line) having dispersion σy = 0.36µm.
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Figure 4: (a) Snapshot of a single file composed by 17 particles (360nm) subjected to a field
Hz = 1240A/m. Scale bar is 5µm. Corresponding VideoS3 is included in the Supporting
Information. (b) Probability distribution of the particle position P (y) along the direction
perpendicular to the magnetic conduit for a linear density ρ ∼ 0.3µm−1. Inset shows the
probability distribution P (x) along the magnetic channel for an applied field Hz = 2600A/m,
and with a Gaussian fit (continuous line). (c) Field dependence of the transition region
from 2d to 1d motion versus particle size dp. The continuous red line is an exponential fit
Hz = H
0
z exp (−dp/β) to the data points, with Hz0 = 3158A/m and β = 285nm.
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Figure 5: Top: series of microscope images of a small section (16.8×19.2µm2) of an ensemble
of 270nm particles deposited above a FGF film at different value of the applied field. See
VideoS4 in the Supporting Information. Bottom: external magnetic field Hz oscillating
around the z direction with angular frequency ω = 2pirad/s and amplitude H0z = 1370A/m.
Small inset shows the full overview (64.3× 48.2µm2) of the condensed pattern at t = 0.25s,
scale bar is equal to λ. Corresponding VideoS4 is included in the Supporting Information.
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